Contains fragments cloned into pMQ30 for deletion of phzM.
[24]
pLD294 Contains fragments cloned into pMQ30 for deletion of phzS.
pLD741 Contains fragments cloned into pMQ30 for deletion of phzH.
SUPPLEMENTARY METHODS

Integrated Circuit Design
The IC contains five acquisition channels. Each channel is connected to an individual 2×6 array of 100×100-μm 2 working electrods (WEs). Each WE is individually addressable by means of an integrated scan chain and is multiplexed to either the input of the acquisition channel during electrochemical measurements or to a single dedicated I/O pin. The latter allows the WEs to be biased externally with a dc voltage source or connected to an off-chip measurement device. In addition, the WEs can be completely disconnected and left floating.
Each channel also features a transimpedance amplifier (TIA) constructed from a single-ended folded-cascode operational transconductance amplifier (OTA), a programmable compensation network, and a programmable resistor bank in the feedback loop to provide a current-to-voltage gain of 0.01, 0.1, 1, or 10 MΩ. The OTA used in the TIA (shown in Supplementary Fig. 7 ) has a simulated dc gain of 73 dB around a 1.65-V bias point and a linear output swing from approximately 1.0 V to 2.5 V. The OTA requires a compensation network because the phase margin can become undesirably low depending on the feedback resistance and solution resistance. The programmable compensation network is connected to the OTA output and adds a phase-lead zero to the loop transfer function. Depending on the switch configuration, a 10 kΩ or 100 kΩ compensation resistor can be placed in series with one or two 25-pF MOS capacitors.
The lowest frequency at which a zero can be added, therefore, is approximately 32 kHz. A diagram of the compensation network is shown in Supplementary Fig. 8 . A programmable resistor network in the feedback loop of each OTA, as shown in Supplementary Fig. 9 , is used to vary the gain of the TIA. High-resistance, p-doped polysilicon is used to lay out all the resistors.
A transimpedance gain of 10 kΩ can be achieved by closing switch S3, a gain of 100 kΩ can be achieved by closing switches S4 and S5, a gain of 1 MΩ can be achieved by closing switches S6
and S7, and a gain of 10 MΩ can be achieved by closing switches S6, S7, and S8.
An integrated control amplifier ( Supplementary Fig. 10 ) establishes the potentiostat feedback loop and drives an external counter electrode and reference electrode. The control amplifier is constructed from a two-stage operational amplifier consisting of a dual-input, folded-cascode first stage followed by a common-source second stage. The operational amplifier has a simulated dc gain of approximately 103 dB and a second-stage bias current of 3 mA. A programmable RCcompensation network exists between the two stages. This contains selectable 100 Ω, 1 kΩ, and 10 kΩ resistors in series with a 24-pF metal-insulator-metal (MIM) capacitor. A closed-loop bandwidth of more than 1 MHz can be achieved using the op amp, depending on the loading from the on-chip electrochemical interfaces.
Noise Analysis
A circuit model for our measurement system including noise sources considered in this analysis is shown in Supplementary Fig. 3 . The equivalent input noise density due to these sources can be computed with the following equations, which assume a very large OTA gain that does not roll off at the frequencies of interest:
where k is Boltzmann's constant, T is the temperature, S n,rf is the thermal noise one-sided power spectral density (PSD) due to the feedback resistance R f , and S n,ca and S n,ota are the thermal or flicker noise one-sided PSD's due to the control amplifier and OTA, respectively. S th,ca = 1.1 x 10 -11 V 2 , K f,ota = 1.43 x 10 -17 V 2 Hz -1 , K f,ca = 4.5 x 10 -18 V 2 Hz -1 , f min = 1 Hz, f max = 1 kHz.
(1)
(8)
Supplementary Fig. 4 shows the PSD's due to each noise source, as well as the total noise, calculated by evaluating the argument of the above integrals. (Note that the PSD's due to R s and control amplifier thermal noise overlap.) PSD's are calculated up to 1 kHz, as the measurement system uses an anti-aliasing filter with a 1 kHz cutoff. As is evident, flicker noise due to the OTA and control amplifier and thermal noise from the feedback resistor network dominate the noise in the system. Integrating the total noise PSD results in a total input-referred current noise of 72 pA RMS . The current noise experimentally measured in Fig. 3e , 80 pA RMS , is close to the value found from the circuit analysis.
Solution of the diffusion equation
In general, analysis of the effects of diffusion on the performance of the imager follows from the solution of the three-dimensional diffusion equation for the concentration C (x,y,z,t) in a rectangular agar slab with the top surface defined by z=0 and the bottom surface by z=W, where D is the diffusion coefficient. An initial condition (t=0) with C=0 everywhere is assumed.
Zero-flux boundary conditions are assumed at the top and bottom.
For t>0, if the concentration in a semi-sphere surface of radius a (as from a cell of this size) centered at x=x o , y=y o , z=0, is assumed to have a fixed concentration of C s , the concentration at the bottom of the slab due to the action of this source at time t is given by 43 (9)
The method of images is used to model the zero-flux boundary conditions for the finite-thickness agar slab into which the molecules spread.
For t>0, if the concentration on the top surface of the agar is assumed to be uniform at concentration C s , then the concentration at the bottom of the agar is given by:
More complex boundary conditions are handled with finite-element numerical solution of the diffusion equation.
Square wave voltammetry frequency
As is evident in Supplementary Figs . 12a-b, SWV performed at 50 Hz provides optimal SNR, and thus on-chip experiments are performed at 50 Hz. The corresponding voltammograms for 100 µM are shown in Supplementary Fig. 12c . Peak voltages vary by less than 10 mV with varying SWV frequency. The functional dependence of the signal and noise on frequency can be best understood through analysis of the raw SWV waveforms. The current response to every voltage step in a SWV experiment is a large jump followed by an exponential decay. At higher frequencies, samples are taken prior to settling, and hence the current levels sampled, and the signal level, are larger. Because the current responses do not settle, however, the signal level is more sensitive to sampling at higher frequencies, and there is significant noise in the resulting square wave voltammogram ( Supplementary Fig. 13 ). For commercial potentostat-generated square wave voltammograms, voltages at which peaks occur vary by less than 30 mV with varying frequency (Supplementary Fig. 1 ), a small variation consistent with the 10 mV peak variation observed in Supplementary Fig. 12c . We feel free to choose any scan rate for the (11) commercial potentiostat measurements between 10 Hz and 50 Hz since we are only concerned with characterizing peak voltages. The asymmetry between the positive-to-negative and negative-to-positive square wave voltammograms, particularly for PCA and PCN, is not affected significantly by scan rate (Supplementary Fig. 1) . A possible explanation for the asymmetry may be pH. Indeed, one study found that at higher pH, cyclic voltammograms for PCA and PCN deviated from the Nernstian ideal conditions 13 .
